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Lactamrings are found in many biologically active natural products and
pharmaceuticals, including important classes of antibiotics. Methods

for the asymmetric synthesis of these molecules are therefore highly
desirable, particularly through the selective functionalization of unreactive
aliphatic C-Hbonds. Here we show the development of a strategy for the
asymmetric synthesis of -, y-and 6-lactams via the haemoprotein-catalysed
intramolecular C-H amidation of readily accessible dioxazolone reagents.
Engineered myoglobin variants serve as excellent biocatalysts for this
transformation, yielding the desired lactam products in high yields

with high enantioselectivity and on a preparative scale. Mechanistic and
computational studies were conducted to elucidate the nature of the C-H
amidation and enantiodetermining steps and provide insights into the
protein-mediated control of the regioselectivity and stereoselectivity.
Additionally, an alkaloid natural product and a drug molecule were
synthesized chemoenzymatically in fewer steps (7-8 versus 11-12) than
previously reported, further demonstrating the power of biosynthetic
strategies for the preparation of complex bioactive molecules.

The selective functionalization of ubiquitous yet unreactive carbon-
hydrogen (C-H) bonds via both chemical and enzymatic methods
constitutes apowerful strategy for the diversification of organic mole-
cules and enabling the devising of new disconnections and routes for
the construction of complex molecules and natural products'”. Owing
to the high prevalence of amine-based functionalities in bioactive
molecules and pharmaceuticals, a highly desirable and sought-after
transformation in organic and medicinal chemistry is the selective
amination of aliphatic C-Hbonds®*'°. Notable advances in this field have
led to the development of organometallic catalysts for catalysing the
insertion of nitrene species into C-Hbonds, resulting in the formation
of new carbon-nitrogen bonds (Fig.1b)*°. These transformations are
mediated by reactive metal-nitrenoid species generated by reaction
of the transition metal catalyst with nitrene precursor reagents such

asiminoiodinanes, azides and hydroxylamine derivatives®'°. Using
this strategy, a variety of cyclic amines, including oxazolidinones,
sulfamates, sultams and pyrrolidines, have been accessed. Despite
this progress, the extension of this C-H amination strategy to the
synthesis of cyclic amides (lactams), which are key structural motifs
in many pharmaceuticals, agrochemicals and other fine chemicals
(Fig. 1a)"2, has represented a major challenge". The difficulty of this
transformation can be attributed to the instability of the acyl nitrene
intermediate, which canundergo facile decomposition toisocyanates
through a Curtius-type rearrangement, thereby outcompeting the
desired C-H nitreneinsertion process®. Recently, Changand co-workers
reported a breakthrough in this area through the development of an
iridium-based catalyst system that enables this transformation®. This
progress notwithstanding, asymmetric versions of this methodology
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Fig.1| Asymmetric lactam synthesis via enzyme-catalysed C(sp®)-H
amidation. a, Bioactive molecules containing 3- and y-lactam rings. b, General
catalytic cycle for C-N bond formation via nitrene transfer. ¢, Enzyme-catalysed

intramolecular C-H amination reactions. NHI denotes non-haemiron-dependent
enzymes. d, Biocatalytic construction of -, y- and 8-lactam rings via myoglobin-
catalysed intramolecular C-H amidation of dioxazolones (this work).

arerestricted to five-membered rings (y-lactams) and require the use
of rare and toxic metals (that is, Ir and Ru)**".

Inspired by the chemistry of metalloporphyrins’®, our group
and the Arnold group have recently demonstrated the ability of engi-
neered haemoproteins to serve as biocatalysts for intramolecular”
and intermolecular” C-H amination reactions via nitrene transfer
(Fig.1c). Specifically, engineered cytochrome P450 (hereafter denoted
P450) enzymes have been shown to catalyse the cyclization of sulfo-
nyl azides, carbonazidates and sulfonazidates® to produce sultams,
cyclic carbamates and cyclic sulfamides, respectively”**. Furthermore,
iridium-substituted P450s” and non-haem Fe-dependent enzymes”*
were also found to catalyse similar intramolecular C-H amination
reactions. Despite this progress, the synthesis of lactam rings using
biocatalytic nitrene transfer approaches has remained elusive, largely
duetothe aforementioned difficulty in controlling the reactivity of acyl
nitrene intermediates while disfavouring other competing, unproduc-
tive reactions (for example, nitrene reduction) known to affect these
abiological enzyme-catalysed reactions?.

Here we report the development of a general biocatalytic meth-
odology for the asymmetric synthesis of enantioenriched lactams via
theintramolecular C-H amidation of dioxazolones (Fig. 1d), asafe and

readily accessible class of nitrene donor reagents®. This strategy pro-
vides an efficient and scalable approach to the selective construction
of'y-lactam molecules with high enantioselectivity. Furthermore, the
scope of this biocatalytic system can be extended to the construction
of optically active - and 6-lactam motifs with high enantiocontrol. The
power of this methodology is further showcased through the concise
chemoenzymatic total synthesis of an alkaloid natural product and a
drug molecule. Comprehensive mechanistic studies were conducted
toelucidate the nature of the C-H amidation step, as well as the role of
the protein scaffold in controlling the regio- and enantioselectivity of
the reaction. Leveraging a direct C-H amidation strategy, this meth-
odology is mechanistically distinct, yet complementary to recently
reported biocatalytic approaches for y-lactam synthesis that rely on
the radical-mediated cyclization of alkene-containing substrates®®
or carbene C-H insertion with artificial enzymes®.

Results

Biocatalyst discovery

Inspired by the previous work of Chang and co-workers™**, we envi-
sioned the possibility of executing an enzyme-catalysed y-C-H ami-
dation reaction via nitrene transfer using dioxazolone reagent 1a
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Fig. 2| Biocatalytic intramolecular C(sp®)-H amidation of dioxazolones.

a, Amidation reaction of 3-phenylpropyldioxazolone 1a. The X-ray crystal
structure of the desired product 2ais shown. Structures are shown of alternative
nitrene precursors 1aa, 1ab and 1ac along with the corresponding yields

ofthe product 2a (in parentheses) using Mb* under the standard reaction
conditions. KPi, potassium phosphate; rt, room temperature. b, Envisioned
haemoprotein-catalysed nitrene transfer process for y-lactam ring formation.

¢, Crystal structure of wild-type Mb (Protein Data Bank entry 1JW8) with the

Mb H64V H64V H64A H64V H64V H64V
V68G V68A V68A V68A?  VBBAP
mmmmm Amination Reduction
Lactonization - Q@ - ee.

residues near the Fe centre highlighted in yellow. d, Activity, chemoselectivity
and enantioselectivity (for 2a) of engineered Mb variants in the reaction with
1a. Reaction conditions: 20 pM protein, 10 mM 1a,10 mM Na,S,0, in potassium
phosphate buffer (50 mM, pH 7), 3 h, room temperature, anaerobic conditions.
Theyields and product distribution were determined by GC using calibration
curves of the isolated product. *With acetonitrile as co-solvent. °Using sodium
borate buffer (pH 9) with 5% (v/v) acetonitrile (equivalent to the standard
reaction conditions).

(Fig.2a,b). Particularly attractive features of dioxazolones as nitrene
precursorsinclude their facile synthesis from commodity carboxylic
acids and their stability and safety compared with the azide-based
reagents previously used in biocatalytic nitrene transfer reactions” >,
To identify an initial biocatalyst for this reaction, we tested various
haem-containing enzymes and proteins, including wild-type myo-
globin (Mb), P450s, peroxidases and cytochromes ¢, under anaerobic
conditions (Supplementary Table 1). Many of these reactions produced
the acyclicamide 2b as a by-product, with none of these biocatalysts
displaying any activity towards the formation of the desired y-lactam
product (Supplementary Table1). Previous studies by our group dem-
onstrated that mutations of the distal His64 residue in Mb (Fig. 2c) can
enhanceitsactivity towards non-native carbene and nitrene transfer
reactions®*¢, Promisingly, Mb(H64V) was found to react with 1a to
yield minute yet detectable amounts of the desired lactam 2a (2% yield
by gas chromatography (GC)) with good levels of enantioselectivity
(96%e.e.; Fig.2d).

Encouraged by these results, we extended the screening to a
broader panel of engineered Mb variants (Supplementary Table 2)
containing mutations at the distal His64 residue (Ala, Val or Gly) along

with additional mutations within the active site of the haemoprotein
(Fig. 2c). From this screening, multiple Mb variants were found to
exhibit increased C-H amidation activity compared with Mb(H64V)
(10-50%yields; Supplementary Table 2). Among them, Mb(H64V,V68A)
(denoted Mb*), which was previously developed for stereoselective
cyclopropanation®, emerged as the best biocatalyst for this reaction,
producing 2ain 50% yield with excellent enantioselectivity (>99%
e.e.; Fig. 2d). The configuration of the y-lactam product was deter-
mined to be S by crystallography (Fig. 2a and Supplementary Fig. 11).
Inadditionto the C-H amidation product, the Mb*-catalysed reaction
also produced a notable amount (40%) of the amide by-product 2b
(Fig. 2a), which probably arises from the reduction and protonation of
the nitrene intermediate (Supplementary Fig. 15), as observed previ-
ously for C-H amination reactions with azide-based precursors'®*,
Unexpectedly,aminor product (10%), correspondingto the y-lactone
2c,wasalso formed in the reaction (Fig. 2a).

Method optimization
Compared with Mb*, Mb variants containing Alaand/or Gly mutations
atthe 64 or 68 positions showed significant decreasesin activity and/or
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selectivity (Supplementary Table 2, entries 3-6 versus 7), and a similar
effect was observed on the introduction of additional mutations into
Mb*, suggesting that the reaction is sensitive to subtle changes in the
shape of the enzyme’s active site. Based on previous mechanistic studies
on P450-mediated C-H amination® and given the robustness of Mb bio-
catalysts towards organic solvents®, we hypothesized that the addition
ofanorganicco-solvent could favour the desired C-Hamidation reaction
by disfavouring the formation of the amide by-product 2b. Accordingly,
the screening of various organic co-solvents showed that acetonitrile
was beneficial for increasing the yield of the C-H amidation product
(from 50% to 65%), while reducing the undesired reduction reaction
(30%) and without affecting the enantioselectivity (Fig. 2d and Supple-
mentary Fig.1). Further optimization of the reaction conditions revealed
thatslightly alkaline conditions (pH 9) furtherincreased the C-H amida-
tion activity (75% yield of 2a) of the enzyme at the expense of by-product
2b (10%), while retaining excellent enantioselectivity (Fig. 2d).
These trends are consistent with our hypothesis that the formation of
the amide by-product 2binvolves protonation of the nitrene intermedi-
ate, which should be disfavoured under more alkaline conditions and
inthe presence of organic solvent. Under limiting catalytic conditions
(0.07 mol%), Mb* was determined to catalyse the C-H amidation of 1a
to produce 2ain 58% yield with a turnover number of 2,175 and excel-
lent enantioselectivity. In addition to dioxazolone 1a, we also evalu-
ated other nitrene precursors, such as dioxazole 1aa, acyl-protected
hydroxylamine 1ab and dioxathiazole 1ac (Fig. 2a). Although 1ac and
lab were inactive or less effective than 1a, respectively, in the cycliza-
tion reaction (Fig. 2¢c), dioxazole 1aa produced the desired y-lactam
product in good yield (75% 2a), thereby constituting another viable
nitrene precursor for this biocatalytic C-H amidation strategy.

Substrate scope

To assess the substrate scope of this methodology, Mb* was tested
againstan array of substituted dioxazolone substrates (1d-p). As sum-
marized in Fig. 3a, these experiments revealed a high tolerance of the
enzyme towards substitutions at the para position of the aryl ring,
affording the desired y-lactam products (2d-i) with high-to-excellent
enantioselectivity (73-99% e.e.). While both electron-withdrawing
and -donating substitutions were accepted by the enzyme, increased
activity was observed for substrates containing electron-donating sub-
stituents (1h,i). Substitutions at the ortho and meta positions were also
welltolerated by the enzyme, producing the corresponding y-lactam
products (2j-1) in good yields (68-88%) and high enantiopurity
(99% e.e.; Fig. 3a). In addition to substituted phenyl groups, the
enzyme catalysed the cyclization of substrates containing heteroaryl
groups, suchas thiophenyl (Im,n), with good-to-high levels of activity
(75-90% yields) and enantioselectivity (66-99% e.e.). Furthermore,
the enzymatic synthesis of 2pin 28% yield with an 83:17 diastereomeric
ratioalso showed the tolerance of the enzyme towards substitutions at
the a-position of the dioxazolone core. Allylic C-Hamidation was also
possible, as demonstrated by the successful preparation of 20in 38%
yieldand 99%e.e.from1o (7:3 £/Zmixture), with other products of these
reactions corresponding only to the reduction (amide) byproducts.
Notably, the double bond in 10 showed no reactivity in this reaction,
which highlights the chemoselectivity of the iron-based biocatalyst
towards C-H nitrene insertion over aziridination, typically favoured by
Rh-based catalystsinnitrene transfer reactions®. Last, isoindolinones
10 and 12 were successfully obtained from the cyclization of phenyldi-
oxazolones 9 and 11, respectively (Supplementary Fig.14), albeitin high
yield but no enantioselectivity (10) or with high enantioselectivity but
lowyield (12). Conversely, dioxazolone substrates lacking an aromatic
group (for example, 16 and 17; Supplementary Fig. 14) or containing
bulky aryl substituents proximal to the y-C-H bond (for example, 15
and18; Supplementary Fig.14) eluded Mb*-catalysed C-H amidation,
indicating that further optimization of the biocatalyst for these types
of substrate would be required in the future.

Enantiodivergent biocatalyst

Enantiodivergent biocatalysts are highly desirable, yet often hard
to develop®. Notably, screening of the initial Mb active-site mutant
library revealed a variant, Mb(L29T,H64V,V68L), that catalyses the
cyclization of lawithinverted enantioselectivity compared with Mb*,
producing the R-configured y-lactam product ent-2ain 65% e.e., albeit
in modest yield (15%; Supplementary Table 2). To improve the per-
formance of this biocatalyst, Mb(L29T,H64V,V68L) was subjected to
active-site mutagenesis, ultimately leading to Mb(L29T,H64T,V68L),
which produced ent-2a with both an improved enantioselectivity of
91%e.e.and twofold higher activity compared with the parent enzyme.
To explore the substrate promiscuity of this enantiocomplementary
biocatalyst, Mb(L29T,H64T,V68L) was tested against dioxazolones
1d-p. Albeit in more moderate yields compared with the reactions
performed with Mb*, the majority of these substrates (9 of 13) were
converted into the R-configured y-lactam products with good-to-high
enantioselectivity (57-99%e.e.; Fig. 3a). Of note, ent-2k, ent-2l and the
thiophenyl-containing substrate ent-2m were all obtained with 99%
e.e. These results highlight the broad substrate scope and predict-
able enantiocomplementarity of the two Mb-based biocatalysts for
y-lactam ring formation.

Synthesis of - and 6-lactams

Next, we targeted the synthesis of -lactams, which are highly desir-
able building blocks for medicinal chemistry as well as key pharma-
cophores in B-lactam antibiotics". Notably, B-lactam formation via
intramolecular nitrene transfer has not been reported to date. On
treating substrate 3awith Mb*, the desired -lactam 4awas obtained
inhighyield (85%) and excellent enantioselectivity (99%e.e.; Fig. 3b).
Mirroring the S enantioselectivity in y-lactam formation, the enzyme
was observed to maintain S enantiopreference in the formation of
4j, as determined by X-ray crystallography (Fig. 3b). These findings
prompted us to explore the substrate scope of this reaction with
dioxoazolones 3b-j (Fig. 3b). Remarkably, the variously substituted
substrates were converted into the desired B-lactam products with
excellent enantioselectivity (99% e.e.; Fig. 3b) and yields of up to
93%. Unlike the y-lactams, substrates bearing electron-withdrawing
groups on the aryl ring cyclized more efficiently than those contain-
ing electron-donating groups (for example, 32% yield for 4d versus
75% for 4c¢), and meta substitutions were better tolerated than para
substitutions (for example, 75% yield for 4g versus 32% for 4d). These
differences probably arise from the differential role of electronicand
steric constraints in the four- and five-membered ring formation. The
furanyl-and thiophenyl-containing substrates 3i and 3j, respectively,
also cyclized very efficiently (75% and 93% yields, respectively) with
high enantiocontrol (99%e.e.).

Next, we explored the activity of the Mb biocatalyst for the synthe-
sis of 8-lactams. The reaction of substrate 5a resulted in a mixture of
6-lactam 6aaand y-lactam 6abinal:3.7ratio,inadditionto theamide
6b as the major product (7:26:67 ratio for 6aa/6ab/6b; Fig. 3c). These
results reveal the preference of the enzyme for the amidation of the
homobenzylic y-C-Hbond (to give 6ab) over the benzylic 5-C-Hbond
(togive 6aa), despite the higher bond dissociation energy of the former
(-95 versus 90 kcal mol™; Fig. 3c). While the formation of both the y- and
6-lactam products (3.7:1ratio) suggests that the enzyme’s regioselectiv-
ity could be tuned via protein engineering, these findings inspired us
tosteer the enzyme’sregioselectivity viasubstrate engineering, that s,
by substituting the y-C-Hwith an O atomto favour &-lactam formation
(Fig. 3¢). Gratifyingly, the reaction of Mb* with the corresponding sub-
strate 5c produced the desired 6-lactam 6c with significantly improved
efficiency (78% yield) as well as excellent enantioselectivity (99%e.e.;
Fig.3c). Thisbiocatalytic reaction was found to be compatible also with
substitutions on the aryl ring, as demonstrated by the synthesis of the
6-lactams 6d-fin 45-93% yields and high enantioselectivity (93-99%
e.e.).Inaddition, benzoxazinone 14 was obtained in high yield from the
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Mb*-catalysed cyclization of 3-phenyldioxazolone-based substrate 13,
albeit only in racemic form (Supplementary Fig.14).

Takentogether, theseresults reveal aremarkable generality of the
Mb* catalyst towards enabling the stereoselective synthesis of lactams
of varying sizes and with different substitutions. Also noteworthy is the
consistentand predictable S stereoselectivity of the Mb*-catalysed C-H
amidation reaction, not only across the different substrates but also
across 3-, y- and &-lactam rings, which adds to the synthetic utility of
this biocatalytic system.

Mechanistic studies

Studies were then performed to gain insights into the mechanism
of this enzyme-catalysed reaction. To probe the nature of the C-H
amidation step, the Mb*-catalysed reaction was carried out with the
Z-configured dioxazolone 1q, which resulted in the formation of the
E-configuredlactam 2q (Fig. 4a). Thisresult rules outa concerted C-H
nitrene insertion process and is consistent with a stepwise hydrogen
atom abstraction (HAA)-radical rebound mechanism proceeding via
anallylic radical that undergoes Z > Eisomerization to yield trans-2q
beforeradical recombination. Of note, the completeisomerization of
the double bond in the cyclization product (no cis-2q was observed)
shows that the radical intermediate is relatively long-lived.

To further investigate the kinetic role of the C-H cleavage step,
non-competitive intermolecular H/D competition experiments were
carried out using substrate 1a and 1a-d, in parallel reactions (Fig. 4b).
These experiments yielded a kinetic isotope effect (KIE) value of
2.6 + 0.2 (Fig.4b and Supplementary Fig.3), whichis lower than those
determined for C-H amination reactions with azide-based substrates
catalysed by engineered P450s (k,/kp = 3.4-5.3)*>*°, but higher than
those determined for the P450-catalysed cyclization of sulfonyl
azides (k,/k, = 0.9), where the azide activation was established to be
rate-determining?. Overall, these results indicate that the C-H cleav-
age stepinthe present system s only partially rate-determining, with
other steps contributing to control the overall rate of the reaction.

To gain insight into the enantiodetermining step(s) in this reac-
tion, isotopomeric dioxazolones (S)-1a-d; and (R)-1a-d; were synthe-
sized in enantiopure form (Supplementary Fig. 4) and subjected to
Mb*-catalysed C-H amidation. Interestingly, both reactions led to
the accumulation of deuterated lactam (S)-2a-d, as the predominant
product over the protiated counterpart (S)-2a (ratios of 95:5and 98:2
from (8)-1a-d, and (R)-1a-d,, respectively), as determined by NMR
spectroscopy (Fig.4c and Supplementary Fig.4).Inaddition, bothreac-
tions proceeded with high enantioselectivity (99% e.e.). Two conclu-
sions can be derived from these results: first, H abstraction is strongly
favoured over D abstraction, regardless of the configuration of the
C-Hamination site, and second, protein-mediated enantioinduction
in the C-N bond-forming process must occur in the radical rebound
step (Fig. 4d).Indeed, the formation of (§)-2a-d, as the major product
fromboth (S)-1a-d, and (R)-1a-d,, along with the preserved highe.e.in
bothcases, impliesthat, after HAA, the pro-Sand pro-R conformations
of the radical intermediate can undergo rapid interconversion, with
the enzyme’s active site enforcing radical rebound through the pro-S
intermediate (Si face attack; Fig. 4c).

The k5 values derived from the reactions of the isotopomeric
substrates (Fig. 4c) result fromacombination of the KIE (k,/k,) and the
enzyme’senantiopreferenceinthe HAA step (that s, k¢/k;). The higher
k.o measured for the reaction of (R)-1a-d, compared with for (S)-1a-d,
(49 versus 19) indicates a higher chirality match for H abstraction in
(R)-1a-d, compared with in (§)-1a-d,, that is, the abstraction of H”*
in (R)-1a-d, is favoured by both the KIE and the enzyme, whereas the
abstraction of H”*®in (§)-1a-d, is favoured by the KIE but disfavoured
by the enzyme (Fig. 4d). Consistent with this chirality match effect,
theamountofthe reduction by-product (thatis, (R)-2a-d, or (S)-2a-d,)
compared with that of 2a from the reaction with1ais slightly reduced
(=5%) inthe case of (R)-1a-d; and markedly increased (+70%) in the case

of (§)-1a-d, (Fig. 4d). However, the mere 2.6-fold difference between
the k,,; values for (R)-1a-d, and (S)-1a-d, (compared with the 50- to
220-fold difference determined for other systems***') suggests that the
HAA stepis barely stereoselective and thus that asymmetricinduction
is largely controlled by the enzyme during the radical recombination
step. Assuch, this system shows adistinct enantioinduction mechanism
from that described for asymmetric C-H aminations of sulfonyl azide
substrates catalysed by Co porphyrins* and P411 catalysts?**.

Computational analysis of the reaction mechanism
Density functional theory (DFT) calculations were performed to explore
the formation of the y-lactam product 2a from dioxazolone 1a. The
quintet (high spin), triplet (intermediate spin), closed-shell singlet (low
spin) and open-shellsinglet (low spin) spin states of each intermediate
and transition-state structure were considered in the calculations. The
energies of the lowest-energy spin state for different intermediates
and transition-states are presented in Fig. 4e, with the energies of the
other spin states given in Supplementary Fig. 5. The DFT calculations
describe the iron-nitrenoid active species in this system as a triplet
ground sstate, in analogy with other iron-nitrenoid species**. The cal-
culationsindicate that the formation of iron-nitrenoid complex IM1 by
activation of the dioxazolone substrate, with concomitant loss of CO,,
has an energy barrier of only 4.2 kcal mol™ and involves an open-shell
singlet spin state. After spin crossing, the HAA step is favoured in the
triplet state, giving the carbonradicalintermediate IM2, withan energy
barrier of 8.0 kcal mol™. The following step, involving aradical rebound
to give the final y-lactam product, was found to be most favourablein
the open-shellsinglet state, with an energy barrier of 12.5 kcal mol™. The
intermediate IM2 has a high spin contamination (§?=1.10), indicating
that the open-shell singlet is not a pure singlet spin state, but 50:50
singlet/triplet, asis often observed in calculations ondiradicals. Based
on the energy profile, the C-N bond-forming step is predicted to be
rate-determining, exhibiting a4.5 kcal mol™ higher energy barrier than
the C-Hbond-cleavage event. These findings are in excellent agreement
with theresults from the mechanistic experiments (Fig. 4) and explain
the long-lived nature of the radical intermediate, as suggested by the
complete double bond isomerization observed in trans-2q (Fig. 4a).
This mechanistic model also provides aframework for defining a
plausible mechanism for the formation of the unexpected y-lactone
product2cfrom1a (Fig. 2a). After the HAA step, single electron transfer
fromthe C-centred radical to the haem (or protein matrix) can generate
abenzylic carbocation that can then react with the amide group (via
the carbonyl group) to form a dihydrofuranimine ring. Hydrolysis of
thelatter produces 2c (Supplementary Fig.15). In addition to this radi-
cal-polar crossover mechanism, a radical pathway can be envisioned
that proceeds viathe same dihydrofuranimine intermediate, produced
viareaction of the benzylic radical with the amidyl group (Supplemen-
tary Fig.15). In either case, a slow C-N bond-forming radical rebound
step, as revealed by our mechanistic and DFT studies, is expected to
enable this competing side reaction to occur under sub-optimal reac-
tion conditions.

Enzyme-controlled regio- and enantioselectivity

To investigate the role of the enzyme in controlling the enantioselec-
tivity of the reaction, we explored the haem-bound iron-nitrenoid
intermediate IM1 docked in the active site of Mb* using the available
crystal structure of this protein*. As shown in Fig. 5a, the N atom of
IM1 can abstract either H' or H?, leading to the S or R lactam product,
respectively, under fast radical rebound conditions. We measured
the evolution of the distances between the N atom and the H' and H?
atomsduring1,000 nsof molecular dynamics (MD) simulations (Fig. 5b).
These studies showed that the average distances from the N atom
to H'and H2are 3.96-4.01 and 4.06-4.10 A, respectively, suggesting
little to no preference for the abstraction of H! over H? (leading to the
SorRproduct) by the nitrene intermediate.
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experiments, comparing the product formation rates of parallel reactions with
protiated and deuterated substrates. See Supplementary Fig. 3 for details.

¢, H/D competition experiments with enantiopure isotopomeric dioxazolidones.
kyp values were determined by NMR spectroscopy (see Supplementary Fig. 4 for
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details). d, Mechanistic model for Mb*-controlled asymmetric induction.

e, Gibbs free-energy diagram for Mb-catalysed y-lactam formation. The AG
values were calculated at the uB3LYP-D3BJ/def2tzvp(SMD,solvent = water)//
uB3LYP-D3BJ/6-31G(d)+SDD(Fe) level of theory using a truncated computational
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additional spinstates. Distances are in A. NMI, 5-methylimidazole; SM, starting
material; TS, transition state; IM, intermediate.
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S-configured product 2a after radical rebound are highlighted. d, Difference in
the DFT-calculated energy barrier for y- and 8-H atom abstraction in the nitrene
intermediate IM1derived from substrate 5a. The structures of the transition
states are shown with key distances given in A. e, Representative snapshots of
5a-derived intermediate IM1in the active site of Mb* (left) and distance plots
(middle) and Boltzmann distribution (right) of the nitrene N---y-H and N---8-H
distances over the 1,000 ns MD simulation. See Supplementary Fig. 9 for
additional MD simulations.

Next, the carbon radical intermediate IM2 was docked in the
active site of Mb* in a conformation that could lead to the S lactam
product (IM2,,,.s) and a conformation that could lead to the Rlac-
tam product (IM2,,,.5), as shown in Supplementary Fig. 7. After MD
simulations for 1,000 ns, both complexes converged to a confor-
mation that favours radical rebound via the Si face of the benzylic
radical species (Fig. 5¢), leading to the (S)-y-lactam 2a. Inspection
of this structure indicates that the active site residues lle107, Val64
and Ala68 contribute to orient the haem-bound intermediate in the

pro-S conformation. Furthermore, DFT calculations show that the
transition state TS3 for the formation of the R-configured product
is disfavoured by 3.1 kcal mol™ compared with that leading to the
S product (Supplementary Fig. 8). This value of AAG* is consistent
with the high S enantioselectivity induced by the enzyme (>99:1e.r.)
in the intramolecular C-H amidation reaction. The models for both
the HAA and radical rebound step show the aryl ring projecting into
the core of the protein between Ile107 and Ala68 (Fig. 5b,c). While this
arrangement can accommodate substitution at different positions
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of the aryl ring, it also shows potential steric constraints as the size
of the para substituent increases, providing a plausible rationale for
the structure-activity trends observed experimentally (that is, -F
(2d) > -Cl/Br (2e,f) > -1(2g); Fig. 4a).

Tounderstand the regioselectivity of the enzyme, we studied the
nitrene intermediate IM1generated from substrate 5a (Fig. 5d). In this
case, the nitrene intermediate can abstract either a y- or 6-H atom,
leading to the five- or six-membered lactam product, respectively.
DFT calculations show that the energy barrier for hydrogen abstrac-
tion leading to the 8-lactam is 2.4 kcal mol™ higher than that for the
formation of the y-lactam (Fig. 5d). We also studied the proximity of
the y- and 6-H atoms to the nitrene N atom through MD simulations
over 1,000 ns. The y-H-N average distance is 2.8-3.9 A, whereas for
8-H---N, the distance is significantly longer at 4.3-5.2 A (Fig. 5e and
Supplementary Fig. 10). Thus, both the lower energy barrier for y-H
abstraction and the shorter nitrene N---y-H atom distance contribute
tofavour the formation of the y-lactam product, which can explain the
regioselectivity of the Mb*-catalysed C-H amidation of 5a observed
experimentally (Fig. 3c).

Chemoenzymatic total synthesis of bioactive molecules

The present strategy was then applied to the chemoenzymatic syn-
thesis of bioactive alkaloid (S,5)-(-)-homaline (7) and the Food and
Drug Administration-approved drug (S)-dapoxetine (8; Fig. 6). Spe-
cifically, we envisioned that the key B-lactam intermediate 4a, previ-
ously accessible only in low yields and after lengthy routes (seven to
eight steps, 7% overall yield****; Fig. 6b), could be produced ina more
efficient and step-economical manner by enzymatic means using the
present method. Accordingly, enantiopure -lactam 4a (>99% e.e.)
was produced from3aandisolated on a preparative scale (0.5 g) from
ascaled upreaction with Mb* (Fig. 6a). From 4a, (S,S)-(-)-homaline (7)
and (S)-dapoxetine (8) could be synthesized in only four and five steps,
respectively, using known routes (Fig. 6b; see Supplementary Fig. 16
for further details). Overall, asymmetric Mb-catalysed C-H amida-
tion enabled the chemoenzymatic synthesis of the alkaloid natural

product and drug molecule in a total of 7 and 8 steps, respectively,
compared withthe1land 12 steps required in previous total synthesis
strategies. Inaddition, with the presentapproach, the key enantiopure
B-lactamintermediate 4awas readily obtained from the achiral, com-
modity chemical hydrocinnamicacid as opposed to the more expensive
optically active precursors required in the previously reported routes
(Fig. 6b). Theseresults further showcase the synthetic utility and scal-
ability of the present methodology for the synthesis of biologically
active molecules.

Discussion

In summary, we have developed a biocatalytic strategy for the asym-
metric construction of lactam molecules via nitrene transfer. Starting
fromreadily accessible dioxazolones, this strategy could be leveraged
to afford abroad range of -, y-and &-lactam scaffolds in good yields
and high enantioselectivity using a single Mb-based biocatalyst. In
addition, we have demonstrated the possibility of obtaining enantio-
podes of the y-lactam products using an alternative engineered Mb
variant with enantiodivergent selectivity. Our mechanisticinvestiga-
tions revealed that these reactions proceed viaa HAA-radical rebound
pathway, with the enzyme binding site controlling the stereo- and
regioselectivity (8-, y-and 6-C-H amidation) of the process. Further-
more, while the HAA step is generally assumed to be enantiodeter-
mining in enzymatic C-H aminations***¢, our studies show that the
protein-induced enantioselectivity in the present system is largely
controlled in the radical rebound step. The power of the present
methodology is further showcased by the concise chemoenzymatic
total synthesis of an alkaloid natural product and a drug molecule
in around half as many steps as required previously, while offering
higher overallyields and starting from a commodity chemical instead
of optically active precursors. This work expands the available bio-
catalytic toolbox for the asymmetric synthesis of amine-containing
molecules and paves the way to the development of other asymmetric
enzyme-catalysed nitrene transfer reactionsinvolving dioxazolones
as nitrene precursors.
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Methods

Molecular cloning

pET22b(+) (Novagen) was used as the recipient plasmid vector for
expression of all of the myoglobin variants. In this construct, the Mb
gene is carboxy-terminally fused to a polyhistidine tag and is under
the control of an 3-D-1-thiogalactopyranoside (IPTG)-inducible T7
promoter. The cloning of the Mb variants tested in this study hasbeen
described previously**.

Protein expression and purification

The engineered Mb variants were expressed in Escherichia coli C41(DE3)
or BL21(DE3) cells as described previously*. Briefly, cells were grown
in terrific broth medium (100 mg I ampicillin) at 37 °C (150 r.p.m.)
until the optical density at 600 nm reached 0.9-1.2. The cells were
then induced with 0.25 mM IPTG and 0.3 mM &-aminolevulinic acid.
After induction, the cultures were shaken at 180 r.p.m. and 27 °C and
collected after 18-20 h by centrifugationat 4,000 r.p.m. at 4 °C. After
cell lysis by sonication, the proteins were purified by Ni-affinity chro-
matography. The lysate was transferred to a nickel nitriloacetic acid
(Ni-NTA) column equilibrated with Ni-NTA lysis buffer. The resin was
washed with 50 ml Ni-NTA lysis buffer and then 50 ml Ni-NTA wash
buffer (50 mM KPi buffer, 250 mM NaCl, 20 mM imidazole, pH 8.0).
The proteins were eluted with Ni-NTA elution buffer (50 mM KPi buffer,
250 mM NacCl, 250 mM histidine, pH 7.0). After elution, the proteins
were buffer-exchanged against 50 mM KPibuffer (pH 7.0 or 8.0) using
10 KDa Centricon filters. The myoglobin concentration was deter-
mined using the extinction coefficient for its Fe(lll) form at 410 nm:
£q0=157 MM cm™,

Purified protein reactions

Analytical reactions were carried out at the 400 pl scale using 20 pM
myoglobin, 10 mM dioxazolone and 10 mM sodium dithionite under
anaerobic conditions unless otherwise noted. In a typical procedure,
24-well plates or crimp vials containing aconcentrated amount of Mb
were introduced into an anaerobic chamber. Then, a corresponding
amount of degassed KPibuffer (50 mM, pH 7.0) or NaBB (50 mM, pH 9)
was added to each well orvial, followed by the addition of 40 pl sodium
dithionite solution (100 mM stock solution) in KPior NaBB to produce
a20 pM myoglobinsolution. Thereactions were initiated by the addi-
tion of 10 pl dioxazolone (400 mM stock solution in organic solvent).
The plates were covered with aluminium foil (the vials were capped)
and left shaking at 120 r.p.m. (or under magnetic agitation for vials)
for3-16 hatroomtemperature. The reactions were then analysed out-
side of the chamber following the protocol detailed below in Product
analysis. Reactions with haemin oriron-tetraphenyl-porphyrin chloride
(Fe(TPP)(CI)) were carried out following an identical procedure with
the exception that the purified Mb was replaced by haemin (20 uMin
N,N-dimethylformamide) or Fe(TPP)(CI) (20 pM in CH,Cl,).

Product analysis

Enzymatic reactions were analysed by adding 20 pl of internal standard
(50 mM benzodioxole inethanol) to the reaction mixture, followed by
extractionin400 pl CH,Cl,. The organic phase was analysed by GC with
flame ionization detection (GC-FID) using a Shimadzu GC-2010 gas
chromatographequipped with an FID detector and a chiral Cyclosil-B
column (30 m x 0.25 mm x 0.25 um film) according to the following
protocol: 1 plinjection, injector temperature: 250 °C, detector tem-
perature: 300 °C, temperature gradient: column temperature set at
180 °C for 3 min, then raised to 185 °C at 1.0 °C min™, then to 190 °C at
2.0 °C min™ then to 245 °C at 80 °C min™ with a 0 min hold. The total
runtime was 16.19 min. The stereoselectivity was determined via chiral
GC-FID and HPLC (see the Supporting Information for details). Assay
yields were determined using calibration curves constructed with
authentic standards prepared via preparative-scale reactions with
purified Mb(H64V,V68A), as described in Synthetic proceduresinthe

Supplementary Information. All measurements were performed at
leastin duplicate.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The crystallographic data of the small molecules have been deposited
at the Cambridge Crystallographic Data Centre (CCDC) under depo-
sition numbers CCDC 1893087 (2a), 2157011 (2m), 2157007 (4j) and
2157010 (6¢). The data can be obtained free of charge via https://www.
ccdc.cam.ac.uk/structures/.
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